Introduction
Due to the low melting point of aluminium and its consequences on microstructural stability and mechanical resistance, aluminium alloys are generally not considered for applications that have to withstand elevated temperatures in service. However, in some very specific instances where the temperature is not too high, aluminium alloys can present a unique solution. In addition, for such applications, the damage tolerance assessment can be a key issue and data as well as predictive models of propagation life are needed to meet the requirements. This is the case for fuselage panels for civil transport aircraft: a cruise speed of Mach 2.05 induces a maximum temperature of the fuselage skin of 130°C. Concorde, the first supersonic civil transport aircraft, was originally designed to sustain 7000 flights, i.e. 15000 hours. The fuselage design was conducted by considering creep deformation of the 2618A aluminium alloy used for fuselage skin on one hand, and the fatigue resistance of this alloy on the other hand. However, as the damage tolerance philosophy was not mature at that time, life predictions were mainly based on safe life concepts, without specific consideration of crack growth. More recently, a future supersonic aircraft was designed to sustain a total of 20000 flights, i.e. 60000 hours at almost the same elevated temperature (130°C). In this design the fuselage skin was still be made of aluminium alloy. In addition, this structure had to meet damage tolerance requirements, which requires reliable fatigue crack growth models. Such models should account for the physical mechanisms that affect crack growth at elevated temperature, including creep damage. However, issues related to creep-fatigue interactions during crack growth have not been extensively studied so far in aluminium alloys. One can however find some information in (Kaufman et al., 1976; Bensussan et al., 1984; Bensussan et al., 1988; Jata et al., 1994) . With this respect, the present chapter presents an overview of the creep crack growth and creep-fatigue crack growth resistance of a precipitation-hardened aluminium 2650 T6 alloy, which is precisely the alloy selected for this type of application. More precisely, it reports on investigations that have been carried out to identify the mechanisms that would control possible creep-fatigue interactions in the 2650 T6 aluminium alloy and to evaluate the conservatism of the cumulative damage rule. With this aim, crack growth data have been established not only under creep-fatigue loading, but also under fatigue and creep loading. Most of the tests were carried out in the 100-175°C temperature range in laboratory air. Some additional tests were carried out in 260 vacuum in order to evaluate the effect of environment on these processes. The Creep Crack Growth (CCG) behaviour of the 2650 T6 aluminium alloy is first presented. Similarly, the Fatigue Crack Growth (FCG) behaviour is examined at room temperature and elevated temperatures. Finally, the Creep-Fatigue Crack Growth (CFCG) is studied by means of low frequency signals with different waveshapes. The analysis of creep-fatigue mechanisms is supported by quantitative fracture surface observations by scanning electron microscopy. Finally the ability of simple cumulative rules to correctly account for the CFCG behaviour is examined and discussed.
Material and experimental techniques 2.1 Material
The 2650 alloy is a copper-magnesium aluminium alloy, provided in the form of sheets (thickness: 2.5 and 5mm). The chemical composition is given in Table 1 Table 2 . Yield strength σ y as a function of temperature for two orientations (data from EADS IW).
The CCG, FCG and CFCG resistance of this alloy is investigated after T6 artificial ageing treatment (192°C for 21 hours) resulting into a fully recrystallised microstructure with an average grain size of 40μm in the rolling plane. The precipitation hardening of this alloy has been studied by . For this composition, the precipitation hardening system is Al-S (Al 2 CuMg). Besides, results of hardness and tensile tests carried out on specimens aged 20000 hours at 175°C and 30000 hours at 100°C and 130°C respectively have shown no significant decay in mechanical properties with respect to those measured without prior ageing treatment, suggesting that bulk ageing effects during long-time crack growth experiments at elevated temperatures can be neglected (Odemer, 2005) .
Testing
CCG, FCG and CFCG testing were performed on CT specimens (W=32mm) of 5 mm thickness in the L-T orientation. The crack length was monitored by means of the potential 261 drop technique for the three types of test. For CCG tests, the samples were precracked by fatigue at room temperature. The initial value of K at the beginning of the creep test was higher than the value of K max achieved at the end of the fatigue precracking in order to avoid a possible interaction between the fatigue precracking zone and the creep zone. CCG tests were carried out using dead-weight lever-type creep machines to apply a constant load. FCG and CFCG were conducted under a constant load ratio R=0.5on a servohydraulic machine equipped with a furnace. The same load ratio was used during tests in vacuum. These tests were carried out on a servo-hydraulic machine equipped with a furnace and a chamber operating at a residual pressure of about 10 -7 mbar. Crack closure measurements were performed by means of a capacitive displacement sensor. A triangular waveform loading with frequencies of 20Hz and 0.05Hz was used for fatigue tests. The 0.05Hz fatigue tests present the same loading increase/decrease times (10s) that trapezoidal waveform loading tests applied for creep-fatigue conditions and different hold-time durations (30, 300, 1500 and 3000 seconds) have been considered for CFCG tests.
Crack growth results and analysis

Creep crack growth
First, it is worth noticing that during CCG experiments, crack extension was not detected immediately after application of the load. The time during which no crack advance is measured is called incubation time and noticed t i . Its value was experimentally determined as the time required to obtain a 1mV variation in the potential drop, as proposed by Bensussan (Bensussan et al., 1988) , which corresponds to a crack advance of about 0,05mm. The t i values obtained at different loads at 130°C are given in the table 2. This time can be interpreted as the time necessary to accumulate a critical amount of creep damage at the precrack tip to initiate propagation. According to Vitek (Vitek, 1977) this crack initiation would be governed by a critical value of the crack opening displacement. Ewing (Ewing, 1978) and Riedel (Riedel, 1977) using a modified Dugdale model, suggest that at high stresses:
, where n is the creep power law exponent. However the data obtained in the present study obey to the following law:
, which means that the n exponent value is different from that derived from creep experiments. This discrepancy between theory and experimental results may be partly accounted for by the fact that the experimental incubation time may also include a propagation stage where the CCG rate is so slow that it cannot be detected by the potential drop method (Bensussan, Maas et al., 1988 Table 2 . Incubation time as a function of the initial stress intensity factor K i at 130°C.
The influence of temperature on the CCG resistance of the 2650 alloy is shown in Figure 1 . Three domains, schematically represented in Figure 2 , can be distinguished on CCG curves, regardless of temperature: note that a similar power-law is predicted by theoretical models (see (Sadananda, 1978; Vitek, 1978) Figure 2 ) exponents in the steady state regime at different temperatures. (Leng, 1995) and 2219 T851 (Bensussan et al., 1984) alloys.
It can be seen that the CCG resistance is slightly affected by temperature in the range 100-130°C, except in the low K value domain. The temperature effect is more pronounced in the range 130-160°C and seems to saturate between 160°C and 175°C. This influence of temperature is consistent with results previously obtained on 2219 (Bensussan et al., 1984) and 2618 (Leng, 1995) alloys. However the second regime is larger at higher temperatures, although initial load may also account for this discrepancy. CCG fracture surfaces exhibit two characteristic failure modes, namely an intergranular fracture mode prevailing in the This cavitation process is promoted at elevated temperature, as confirmed by quantitative measurements of the area percentage occupied by interganular facets (Hénaff et al., 2010) presented in Figure 4 . The comparison presented in Figure 7 of the creep crack growth resistance of the 2650 T6 alloy and the resistance of 2618 T651 (Leng, 1995) and 2219 T851 (Bensussan et al., 1984) aluminium alloys at 175°C indicates a superior resistance of the 2650 T6 alloy, at least at his temperature. However an ageing effect cannot be excluded at this temperature (175°C) which is close to the heat-treatment temperature (192°C for 21h) of the 2650 alloy. However such an effect when exists would be beneficial to crack growth resistance. In order to investigate possible environmental effects on crack growth, CCG rates obtained in air and in vacuum at 175°C are compared in Figure 5 . It can be seen that CCG rates are nearly identical over the entire explored range. The difference noticed at low K values is difficult to analyse since it was shown that, for a given environment, the behaviour is influenced by initial load levels . At high K values CCG rates in vacuum are slightly higher than those observed in air, as observed by Leng (Leng, 1995) on a 2618 alloy. However, apart from these small discrepancies, one can consider that the CCG resistance of the 2650 alloy is almost unaffected by environmental effects. However, as noticed by (Kaufman et al., 1976) , this results demonstrates that stable crack growth under static load in air in not due to a stress corrosion cracking process which might also result into intergranular cracking ). Figure 6 compares FCG rates measured at 20°C, 130°C and 175°C for load frequencies of 20Hz and 0.05Hz. At the load ratio considered, namely R=0.5, no crack closure effect was detected, regardless of temperature. Actually, even at R=0.1, crack closure effects are limited in this material (Odemer, 2005) . It can be seen that temperature has almost no influence on FCG rates, and that frequency has only a slight influence on FCG rates in the 20-0.05Hz frequency range at 175°C. However, this slight deleterious effect is accompanied by a change in fracture surfaces, with a sharp increase in the surface fraction of intergranular decohesions similar to those observed during CCG, as shown in Figure 8 . This effect, both on growth rates and fracture surfaces, suggests that, at low frequency, creep damage can occur during cyclic loading. In order to get further insights into this damage process occurring at elevated temperature, a hold time was introduced at the maximum load of the triangular loading. Figure 9 compares CFCG measured at 175°C for a 10s-0s-10s triangular loading and a 10s-300s-10s trapezoidal loading. A deleterious influence of hold-time on crack growth rates is noticed, more particularly in the 8 MPa x m 1/2 -40 MPa x m 1/2 K max range. Therefore, different hold-time durations (0s, 30 s, 300s, and 1500s) have been considered in order to evaluate the creep damage effect as a function of hold-time only for loadings at R=0.5 . The results obtained at 175°C are presented in Figure 10 . It can be noticed that CFCG rates significantly increase as hold-time duration increases, indicating a significant contribution of creep damage to crack advance. A similar influence of hold time, although less pronounced, is also observed at 130°C. CFCG rates measured at 130°C and 175°C for the same hold-time duration, namely 300s, are compared in Figure 11 . The hold time effect is more pronounced at 175°C, since it was shown that the FCG behaviour is only slightly affected by temperature ( Figure 6 ). A typical CFCG fracture surface is presented in Figure 12 a. The main observation is that, for a selected K value, CFCG fracture surfaces are not fundamentally different from those produced during FCG at 0.05Hz (10s-0s-10s). However the introduction of a hold-time at maximum load results into a higher percentage of intergranular decohesions. Additionally, as during CCG, the intergranular fracture seems to be controlled by cavitation (Figure 12 b) . The same statement still holds at 130°C, although the amount of intergranular fracture is lower for a fixed loading condition. Additional testing using different waveshape signals (saw-tooth, triangle) indicate that it is the load period, and not the waveshape, that governs the crack growth enhancement during creep-fatigue, as shown in Figure 13 . Indeed, CFCG rates obtained under saw-tooth signals, with a rapid or a slow loading rate, are identical to those obtained under trapezoidal waveshape with the same frequency. This suggests that there is no interaction between the additional damage process taking place at elevated temeprature and the cyclic damage, conversely to what can be observed in corrosion-fatigue . With this respect, CFCG rates are plotted as a function of load period for selected values of K max at R=0.5, at 130°C and 175°C in Figure 14a and Figure 14b respectively. The linear dependence in the right-hand part of these diagrams suggests that the time-dependent damage is governed by hold-time above a critical value of period c T , which is dependent on temperature. Hence it is found that 50
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c Ts ≈ at 175°C, while 320 c Ts ≈ at 130°C. A similar influence of frequency has been observed in 2219-T851 (Bensussan et al., 1984) and 8009 aluminium alloys (Jata et al., 1994) . In order to analyse the observed crack growth enhancement quantitative measurements of the area fraction occupied by intergranular facets have been performed for different loading conditions (Hénaff et al., 2010) . The results obtained under trapezoidal wave shape signals at 130°C and 175°C are presented in Figure 16 a and Figure 16 b, respectively, as a function of hold time. It can be noticed that, for a selected temperature, the longer the hold time, the higher the amount of intergranular facets, especially at low K values. Nevertheless, even for hold times as high as 3000s, the amount of intergranular facets never exceeds the amount obtained during CCG at the same K or K max value for a fixed temperature. Besides, for a given hold time value, the percentage of intergranular facets is higher at 175°C than at 130°C. Therefore a relationship between the amount of intergranular decohesions and the crack growth enhancement induced by creep damage with respect to fatigue at high frequency can be established. 
Influence of environment
The same experiments have been conducted in vacuum, mainly at 175°C, in order to evaluate the intensity of environmental effects on CGCG. With this respect, the results reported in Figure 17 indicate that, at high frequency (20Hz), FCGR in air are about fourfold higher than in vacuum. This enhancement can be mainly attributed to a surface adsorption effect (Hénaff et al., 1995) , although the role of temperature on desorption may need to be more thoroughly analysed. However, while frequency has almost no influence on FCGRs in air at both temperatures as in vacuum at room temperature, a significant enhancement is observed at low frequency (0.05Hz) in vacuum at 175°C, suggesting that creep-fatigue effects may take place. The results of additional testing under creep-fatigue loading, typically trapezoidal load signals with hold time at the maximum load, are reported in Figure 18 using the same type of graph as in Figure 14 . As observed in air, above a critical value of the period T c , CFCG rates are proportional to the load period T. However, it should be noticed that the value of T c determined in vacuum is lower than in air at the same temperature (Odemer, 2005) . This might be accounted for by the enhanced FCGR in air as compared to vacuum which would induce a higher fatigue damage, so that a longer time is required to achieve higher cavitation-induced damage. Consistently, CCG and CFCG fracture modes in the 2650 alloy are characterised by a significant amount of intergranular decohesions induced by diffusion-controlled cavitation, regardless of environment as shown in Figure 15 , for a trapezoidal 10s-300s-10s signal at 175°C. For a fixed K value it seems that the fraction of intergranular fracture is lower in air than in vacuum. This is confirmed by the quantitative measurements presented in Figure 19 which indicates that, for a selected K value, the percentage of fracture surface occupied by intergranular decohesions is higher in vacuum than in air. These observations suggest that the contribution of creep damage to the total crack growth is lower in air than in inert environment for a fixed K max value, which consistent with CFCG rates results. They furthermore suggests that interactions between creep, fatigue and environmental exposure reduce the contribution of cavitation-induced intergranular fracture (Hénaff et al., 2007) .
Predictions of Creep-fatigue Crack Growth Rates
The predictions of CFCGRs may be carried out using a simple cumulative rule. The basic assumption in such a case is that, for a fixed K value, the cyclic damage and the creep damage, each characterised by a crack growth increment, can be linearly added. Thus the crack growth increment per cycle is estimated as follows: at the selected temperature using a value of K averaged over the cycle duration (for low frequency this average value is very close to K max ). The comparison between predictions and experimental data indicates that such a cumulative rule can correctly predict CFGR in vacuum for the data available in most of the conditions investigated, namely in the 100°C-175°C and for Kmax values ranging between temperature range. An example of comparison is presented in Figure 20 a. However it should be noticed that the agreement observed at low ΔK is obtained by extrapolating the 4 th power law dependence towards this low value. This suggests that the first domain observed at low K values on CCG curves and dependent on initial loading conditions might not be relevant in the CFCG conditions examined here. The same prediction procedure has been applied to the crack growth behaviour in air. An example is presented in Figure 20 b. It can be seen that at low K values the predictions underestimates CFCGRs and overestimates at high K values. The results at low K values could also be improved by extrapolating the 4 th power law to this regime. Anyway, the longer the hold-time, the larger the discrepancy between predictions and experimental results. An alternative procedure based on experimental observations is thus proposed in the following (Hénaff et al., 2008) . Figure 14 and Figure 18 clearly indicate that above a critical value of the load period T c , CFCGRs are proportional to the load period, regardless of temperature and environment, suggesting that a Time-Dependent Crack Growth (TDCG) process takes place. In air however the results of cumulative damage rule predictions indicate that this TDCG process might be different from the CCG process. On the basis of these observations, CFCG behaviour can be described using an empirical law accounting for cyclic and timedependent damage and expressed as follows: crack growth (TDCG) rate, respectively. A power-law of the same form than that used for CCG has been identified for the TDCG regime during CFCG. The values of the coefficient and exponent are identified using the data from right-hand side of the diagrams presented in Figure 14 and Figure 18 , and compared to those identified for CCG. The values of the parameters for CCG and TDCG are compared in Table 3 . Table 3 . Critical values of loading period, time dependent crack growth law and creep crack growth law as a function of environment and temperature.
The corresponding curves are compared for air and vacuum at 175°C in Figure 21 and in air at 130°C and 175°C and Figure 22 . It can be seen that, while TDCG in vacuum is extremely close to the CCG law at 175°C, TDCG in air is slower than CCG and the K dependence is weaker (n<4) than during CCG. This, in relation with the differences noticed in the fraction of intergranular facets (Figure 19 ) suggests that an interaction between fatigue damage, creep damage and environmental exposure takes place at the crack tip during propagation in air. This interaction would partly inhibit the cavitation process leading to intergranular fracture. The effect of this complex interaction is indeed beneficial at 175°C since TDCG is slower than CCG for a given K value, as shown in Figure 21 , and therefore needs to be specifically determined. The situation at 130°C is perhaps more complex. The CCG curve in vacuum has not been determined at this temperature. However it can be considered that, as observed at 175°C, this curve is not basically modified by environment. Figure 22 that the TDCG in air at low K max values is actually more rapid than CCG. This may indicate that at this temperature environment may rather promote the creep damage under CFCG. However the mechanisms responsible for this type of behaviour need clarification. Nevertheless the main interest of the approach proposed here is that the TDCG law could be identified for a fixed temperature at moderate values of frequency for selected values of stress intensity factor. This procedure would allow significant reductions in test duration and cost. In addition it can be easily implemented into software packages for crack growth predictions such as AFGROW (Harter, 2006 ). An example of calculation produced using the "time-dependent crack growth" option of AFGROW is compared in to experimental results and predictions obtained by the cumulative rule for a 10s-300s-10s trapezoidal signal in vacuum at 130°C. The CCG or the TDCG can be introduced in order to calculate crack growth life of more complex cracked structural elements. An assessment of the ability of this approach to account for the behaviour at extremely low but realistic frequency is however required. This point is under current investigation.
Summary and conclusions
In this chapter, the creep and creep-fatigue crack growth behaviour of a precipitationhardened 2650 T6 aluminium alloy has been reviewed. First, stable crack growth induced by creep has been characterised in the 100°C-175°C range. While temperature enhances creep crack growth rates in this range, this enhancement is particularly pronounced in the 130-160°C range and seems to saturate above 160°C. Creep crack growth is controlled by cavitation-induced intergranular fracture. Environment does not seem to affect CCG.
The fatigue crack growth behaviour at high frequency is almost unaffected by temperature in the range 25°C-175°C. However a deleterious influence of hold-time introduced at the maximum load and/or low frequency on crack growth rates under cyclic loading is observed in the 130°C-175°C temperature range in air and in vacuum. This effect is characterised by a significant contribution of intergranular fracture mode similar to that observed during creep crack growth under static loading. More precisely, above a critical value of loading period, crack growth rates are proportional to the loading period, regardless of the waveshape, indicating that a time-dependent crack growth process takes place. This time-dependent crack growth process seems to be affected by environment. Indeed in vacuum it corresponds with CCG, so that a cumulative rule of creep damage and fatigue damage provides realistic predictions. In air however the time-dependent crack growth process exhibits a K-dependence different from that observed during creep crack growth and dependent on temperature. As a consequence the cumulative rule using creep crack growth and fatigue crack growth data cannot account for the observed behaviour. An alternative procedure, based on a superposition model, is proposed to predict creep-fatigue crack growth rates at very low frequencies on the basis of results obtained at higher frequencies. This methodology could be used in standard crack growth life prediction methods but it has to be assessed by comparing predictions with experimental data obtained under very low frequency loadings. Finally this methodology could be extended to applications where aluminium alloys would be fatigued at elevated temperature and at low frequencies.
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